Within the CNS, a dysregulated hemostatic response contributes to both hemorrhagic and ischemic strokes. Tissue factor (TF), the primary initiator of the extrinsic coagulation cascade, plays an essential role in hemostasis and also contributes to thrombosis. Using both genetic and pharmacologic approaches, we characterized the contribution of neuroectodermal (NE) cell TF to the pathophysiology of stroke. We used mice with various levels of TF expression and found that astrocyte TF activity reduced to ~5% of WT levels was still sufficient to maintain hemostasis after hemorrhagic stroke but was also low enough to attenuate inflammation, reduce damage to the blood-brain barrier, and improve outcomes following ischemic stroke. Pharmacologic inhibition of TF during the reperfusion phase of ischemic stroke attenuated neuronal damage, improved behavioral deficit, and prevented mortality of mice. Our data demonstrate that NE cell TF limits bleeding complications associated with the transition from ischemic to hemorrhagic stroke and also contributes to the reperfusion injury after ischemic stroke. The high level of TF expression in the CNS is likely the result of selective pressure to limit intracerebral hemorrhage (ICH) after traumatic brain injury but, in the modern era, poses the additional risk of increased ischemiareperfusion injury after ischemic stroke.
Introduction
Stroke is a devastating disorder caused by abnormal blood supply to the brain. Hemorrhagic stroke is caused by the rupture of blood vessels, whereas ischemic stroke occurs when blood flow is obstructed in brain arteries by blood clots (1) . The obstruction of cerebral arteries can be caused by either local thrombosis or thromboembolism. Systemic i.v. thrombolysis with recombinant tissue plasminogen activator (tPA) is the only therapy for ischemic stroke approved by Untied States FDA (2) . Timely restoration of blood flow is critical to reduce death of ischemic neural tissue; the current recommendation is for thrombolytic therapy to be administered within 4.5 hours of the onset of ischemic stroke symptoms (3, 4) . However, this relatively short window of time, together with a high risk of increasing hemorrhagic transformation and many other contraindications for use of i.v. tPA, limits this therapy to only about 5% of patients with acute ischemic stroke (5) (6) (7) . These limitations, together with a low rate of recanalization observed in patients with acute ischemic stroke caused by the occlusion of large, proximal vessels (8) , have led to several clinical trials investigating alternative revascularization approaches that focus on intraarterial therapy, including local delivery of tPA and neurothrombectomy (9) (10) (11) (12) (13) . Recanalization of the vessels significantly correlates with functional recovery and patient survival (9) . Ironically, restoration of blood flow to ischemic tissues also leads to reperfusion injury, which in part is mediated by increased damage to the microvasculature and microvascular thrombosis (14, 15) .
Hemostasis is a tightly regulated biological process. Tissue factor (TF) is the primary initiator of blood coagulation and plays an essential role in hemostasis (16) . Constitutive TF expression in perivascular cells, Within the CNS, a dysregulated hemostatic response contributes to both hemorrhagic and ischemic strokes. Tissue factor (TF), the primary initiator of the extrinsic coagulation cascade, plays an essential role in hemostasis and also contributes to thrombosis. Using both genetic and pharmacologic approaches, we characterized the contribution of neuroectodermal (NE) cell TF to the pathophysiology of stroke. We used mice with various levels of TF expression and found that astrocyte TF activity reduced to ~5% of WT levels was still sufficient to maintain hemostasis after hemorrhagic stroke but was also low enough to attenuate inflammation, reduce damage to the blood-brain barrier, and improve outcomes following ischemic stroke. Pharmacologic inhibition of TF during the reperfusion phase of ischemic stroke attenuated neuronal damage, improved behavioral deficit, and prevented mortality of mice. Our data demonstrate that NE cell TF limits bleeding complications associated with the transition from ischemic to hemorrhagic stroke and also contributes to the reperfusion injury after ischemic stroke. The high level of TF expression in the CNS is likely the result of selective pressure to limit intracerebral hemorrhage (ICH) after traumatic brain injury but, in the modern era, poses the additional risk of increased ischemia-reperfusion injury after ischemic stroke.
including adventitial fibroblasts, pericytes, and smooth muscle cells, provides a hemostatic barrier that initiates clotting after injury of blood vessels in all organs (16) . A complete deficiency of TF in mice results in embryonic lethality that can be rescued by expression of low levels of human TF from a transgene (17, 18) . Mice with low TF expression develop normally, but hemostatic defects in several organs ensue later in life (19, 20) . Using these so called low-TF mice, we showed that, in addition to the primary hemostatic barrier composed of TF expression by perivascular cells, TF expression by parenchymal cells (e.g. epithelial cells in the lung, cardiomyocytes in the heart) provides additional secondary hemostatic protection to vital organs (20, 21) .
During pathologic conditions, TF can initiate an excessive procoagulant response that leads to thrombosis (22, 23) . For instance, rupture of atherosclerotic plaques containing large amounts of TF, induction of TF expression on leukocytes, or exposure of perivascular TF after damage to blood vessels can trigger prothrombotic responses resulting in myocardial infarction, disseminated intravascular coagulation, deep vein thrombosis, pulmonary embolism, and ischemic stroke (23) (24) (25) (26) (27) . Exposure of perivascular TF associated with increased vascular permeability could be one of the mechanisms that triggers microvascular thrombosis in the ischemic tissue in organs expressing high levels of TF, such as the brain.
Within the CNS, astrocytes are the major source of TF (28) . Astrocyte end-feet form the glia limitans interna, which surrounds all blood vessels within the CNS presumably to provide secondary hemostatic protection to the brain (28) . Pretreatment with anti-TF antibodies before brain ischemia/reperfusion (I/R) injury improves microvascular blood flow in baboons (29) . In addition, we have previously shown that an anti-TF antibody attenuates thrombosis in arterioles and venules within the mouse cerebral cortex (30) . However, the exact role of TF in the CNS has not been explored. In this study, we used genetic and pharmacologic approaches to determine the role of TF in mouse models of ischemic and hemorrhagic stroke.
Results

Generation of mice with a TF deficiency in all neuroectodermal-derived (NE-derived) cells.
To study the role of TF in the CNS, TF flox/flox mice (21) were crossed with mice expressing Cre recombinase under control of the nestin promoter. The nestin Cre transgene directs excision of floxed sequences in early neuronal precursor cells during embryonic development, resulting in efficient deletion of target genes in all NE-derived cells of the CNS, including neurons, astrocytes, and oligodendrocytes (31, 32) . To generate experimental mice, TF flox/flox mice were crossed with TF flox/flox nestin Cre mice to yield TF flox/flox Cre negative and positive mice (referred to as TF WT or TF NESΔ , respectively). These mice were generated at the expected frequency, and no gross anatomical abnormalities were observed in the brains of TF NESΔ mice ( Figure 1A ).
Real-time PCR and Western blot analysis demonstrated a significant reduction of TF expression in TF NESΔ mice at the mRNA and protein levels, respectively (Figure 1 contains uncut gel presented in Figure 1C ; supplemental material available online with this article; doi:10.1172/ jci.insight.86663DS1). In TF WT mice, strong staining for TF was observed in most parts of the brain, including the cerebral cortex, cerebellum, and hippocampus. Weak staining was observed only in regions with densely packed neuronal cell bodies ( Figure 1D ; blue staining). In TF NESΔ mice, TF staining was dramatically reduced throughout the brain parenchyma. Importantly, TF staining was still observed in perivascular cells surrounding the vessels and epithelial cells forming the choroid plexus in brain ventricles in TF NESΔ mice ( Figure 1D , insert and bottom right panel). Despite the dramatic reduction of NE TF expression, TF NESΔ mice did not develop spontaneous brain hemorrhages or die prematurely.
NE cell TF contributes to microvascular thrombosis. Astrocytes extend their processes to reach the neighboring blood vessels in the brain (Figure 2A ) (33) . At the capillary level, astrocyte end-feet are in direct contact with endothelial cells ( Figure 2B ). Under pathological conditions that result in damage of the blood-brain barrier, astrocyte TF would be expected to trigger activation of coagulation. To investigate the role of NE cell TF in the brain, we first determined its contribution to microvascular thrombosis in the brain using a photo-activation-induced thrombosis model. Thrombosis was induced in the brain cortex of TF WT and TF NESΔ mice within arterioles, capillaries, and venules. NE cell specific deletion of TF had no effect on the thrombosis in the arterioles and venules. However, TF NESΔ mice had a significant prolongation of time to occlusion in the brain capillaries ( Figure 2C ). Deletion of TF from NE cells did not affect the diameter of any microvessels ( Figure 2D ).
Role of NE cell TF in a mouse model of hemorrhagic stroke. To study the role of NE cell TF in brain hemostasis under pathologic conditions, we utilized the mouse model of collagenase-induced hemorrhagic stroke. In WT mice, injection of collagenase induced hemorrhage in a dose-dependent manner, which was quantitated by measuring the hemoglobin level in the brain tissue. We observed that collagenase-induced hemorrhage increased over time, peaked at 6 hours, and then gradually declined by 72 hours (data not shown). Since we expected more extensive brain hemorrhages in TF NESΔ mice, all subsequent studies used a low dose of collagenase (0.025 U) and a 3-hour time point. As expected, TF NESΔ mice exhibited dramatically larger hemorrhages in the brain compared with TF WT mice after collagenase injection ( Figure 3A ). Furthermore, TF NESΔ mice had a mortality rate of 66.7% compared with no mortality in the control group ( Figure 3B ).
Next, we induced hemorrhagic stroke in low-TF mice, which expressed low levels of TF in all cell types (17) . We anticipated that the extent of hemorrhage may be even greater in the brains of low-TF mice compared with that observed in TF NESΔ mice because the primary hemostatic barrier formed by perivascular cell Arrowhead shows tight gap junctions between 2 endothelial cells, and arrow points out basal membrane. Cap, lumen of capillary; AP, astrocyte process; AN, astrocyte nucleus; EC, endothelial cell. (C-D)Time to occlusion (C) in brain arterioles, capillaries, and venules, and diameter (D) of these vascular beds in TF WT (n = 10) and TF NESΔ (n = 9) mice. Data (mean ± SEM) were analyzed by unpaired t test. * P < 0.05.
is also affected. However, low-TF mice presented with only a modest increase in brain hemoglobin levels compared with the WT littermate controls after collagenase injection ( Figure 3C ), and the extent of hemorrhage was significantly smaller compared with the TF NESΔ mice. Furthermore, no mortality was observed in low-TF mice ( Figure 3D ).
We noted that the brains of low-TF mice had slightly higher total procoagulant activity (PCA) compared with the brains of TF NESΔ mice ( Figure 4A ), despite preserved TF expression by non-NE cells in the brains of TF NESΔ mice. Therefore, we hypothesized that the difference in the extent of hemorrhagic stroke observed between low-TF and TF NESΔ mice may be explained by a difference in the level of TF expression in astrocytes in the two mouse strains. To test this hypothesis, we isolated and purified primary astrocytes from these two mouse lines, as well as their WT littermate controls, and measured TF activity. GFAP-positive astrocytes, isolated from WT C57Bl/6 mice, expressed high levels of TF as demonstrated by TF-positive staining ( Figure  4B ). Importantly, we found that the level of PCA in astrocytes purified from low-TF mice was almost 5 times higher than the level of PCA of astrocytes isolated from TF NESΔ mice ( Figure 4C ).
Role of NE TF in a mouse model of ischemic stroke. To determine the contribution of NE cell TF to ischemic stroke, we used a mouse model of brain I/R injury induced by the transient occlusion of the middle Figure 3 . TF NESΔ and low-TF mice respond differently to collagenase-induced intracerebral hemorrhage. (A) Representative pictures of brain sections and a quantitation of hemoglobin levels 3 hours after collagenase (0.025 U) injection in uninjured (left, L) and injured (right, R) brain hemispheres of TF WT (n = 6) and TF NESΔ (n = 7) mice. (B) Survival of TF WT (n = 6) and TF NESΔ (n = 7) mice after intracerebral collagenase injection. (C) Representative pictures of brain sections and a quantitation of hemoglobin levels 3 hours after collagenase (0.025 U) injection in uninjured (L) and injured (R) brain hemispheres of WT (n = 5) and low-TF (n = 5) mice. (D) Survival of WT (n = 5) and low-TF (n = 5) mice after intracerebral collagenase injection. Data (mean ± SEM) were analyzed by two-way ANOVA followed by Bonferroni multiple comparisons (A and C). Asterisks above the bars indicate significance vs. left hemisphere within the same genotype. Asterisks above the horizontal brackets indicate significance between genotypes. **P < 0.01, ***P < 0.001, ****P < 0.0001. Log-rank test was used for the comparison between survival curves (B and D).
Figure 4. Astrocyte procoagulant activity (PCA) in TF NESΔ and low-TF mice. (A)
Total PCA of the whole brain homogenate from TF WT (n = 5), TF NESΔ (n = 5), WT (n = 5), and low-TF (n = 5) mice. Data (mean ± SEM) were analyzed by unpaired t test. ** P<0.01. (B) Immunostaining for glial fibrillary acidic protein (GFAP; red) and tissue factor (TF; green) in the cultured primary astrocytes isolated from C57Bl/6 mice. (C) PCA of primary astrocytes isolated from the brains of TF WT (n = 4), TF NESΔ (n = 4), WT (n = 4), and low-TF (n = 4) mice. Data (mean ± SEM) were analyzed by two-way ANOVA followed by Bonferroni multiple comparisons. Asterisks directly above the dot plot indicate significance vs TFWT or WT group. Asterisk above the bracket indicates significance between TFNESΔ and LowTF groups cerebral artery. One hour of ischemia was followed by 24 hours of reperfusion. No hemorrhages or mortality was observed in TF WT mice subjected to ischemic stroke ( Figure 5 , A and B). In contrast, intracerebral bleeding was observed in 8 of 11 TF NESΔ mice, and 5 of them died during the reperfusion period ( Figure  5 , A and B). Despite being prone to the hemorrhagic transformation, surviving TF NESΔ mice demonstrated significantly smaller infarcts compared with TF WT control mice ( Figure 5A ). Importantly, there is no significant difference in physiological parameters including glucose level, heart rate, O 2 saturation, and respiratory rate between TF WT and TF NESΔ mice (Supplemental Table 1 ). Furthermore, the number of pial collaterals and their diameter were not statistically different between TF WT and TF NESΔ mice (Supplemental Figure 2) .
To further examine the contribution of TF to ischemic stroke, we subjected low-TF mice to the same model of brain I/R injury. Physiological parameters (glucose level, heart rate, O 2 saturation, and respiratory rate), as well as the number of pial collaterals and their diameter, were not statistically different between low-TF and WT mice (Supplemental Table 2 and Supplemental Figure 3 ). Similar to TF NESΔ mice, the infarct size was significantly smaller in low-TF mice compared with WT littermates ( Figure 5C ). Interestingly, no hemorrhage was observed in low-TF mice, and all of them survived the 24-hour reperfusion period ( Figure 5 , C and D). Furthermore, low-TF mice demonstrated less severe behavioral deficits after brain I/R injury ( Figure 5E and Supplemental Figure 4 ).
Since brain I/R injury in low-TF mice was not complicated by hemorrhages or mortality, we used these mice to determine the effect of a TF deficiency on inflammatory responses and blood-brain barrier permeability. A cytokine array analysis revealed increased expression of several cytokines/chemokines in the brain of WT mice subjected to ischemic stroke ( Figure 6A ). Importantly, some of the inflammatory mediators, including IP-10, KC, CCL-2, MIP-2, were attenuated in brains of low-TF mice after I/R injury ( Figure 6A and Supplemental Figure 5 ). To confirm this observation, we measured levels of CCL2, IL-6, and KC in brain tissue homogenates by ELISA and found significantly lower levels of these cytokines in the injured brains of low-TF mice compared with the injured brains of WT mice ( Figure 6B ). Finally, blood-brain barrier permeability induced by I/R injury was also significantly attenuated in low-TF mice ( Figure 6C ).
Inhibition of TF reduces infarct size and attenuates neuronal deficits in a mouse model of ischemic stroke. In low-TF mice, astrocyte TF expressed at ~5% of normal levels was associated with reduced infarct size and behavioral deficits in ischemic stroke without increasing hemorrhagic transformation. Therefore, we hypothesized that pharmacologic inhibition of TF may reduce brain I/R injury. To test this, C57Bl/6J WT female mice were subjected to middle cerebral artery occlusion (MCAO) for 1 hour followed by 24 hours of reperfusion. Mice received either different doses of an inhibitory rat anti-mouse TF antibody (1H1) or control IgG as a bolus i.p. injection immediately after ischemia. Inhibition of TF dose-dependently reduced brain infarct size in female mice ( Figure 7A ). In addition, inhibition of TF modestly attenuated the behavioral deficits after ischemic stroke ( Figure 7B and Supplemental Figure 6 ). Even a high dose of 1H1 (75 mg/kg) did not induce hemorrhagic transformation during the reperfusion phase.
In contrast to no lethality in IgG-treated C57Bl/6J WT female mice, subjecting C57Bl/6J WT male mice to the same I/R injury resulted in partial lethality ( Figure 7C ). Importantly, a treatment with the low dose of 1H1 (25 mg/kg) completely rescued C57Bl/6J WT male mice from brain I/R injuryinduced death ( Figure 7D ).
Discussion
We have previously shown that some of the aged low-TF mice occasionally developed spontaneous brain hemorrhages (19) . In addition, fatal hemorrhagic events were observed in the brains of mice with a genetic reduction of factor VII (FVII) or prothrombin during embryonic development or in the postnal period (34, 35) . These observations point to the critical role of the TF:FVIIa complex in the control of thrombin generation and hemostasis in the brain under normal conditions. In the present study, a selective deletion of NE TF did not induce intracerebral hemorrhages (ICH) in unchallenged TF NESΔ mice, suggesting that TF expression from non-NE cells (or minimal, residual expression of TF from NE cells) was able to maintain hemostasis in the brain under baseline conditions. However, we found that TF NESΔ mice, despite preserved expression of perivascular TF, were prone to bleeding complications in both ischemic and hemorrhagic stroke models. These results suggested a central role of NE cell TF over perivascular TF in controlling hemostasis within the brain microvasculature during pathological conditions. Interestingly, ~5% level of normal astrocyte TF activity in low-TF mice was sufficient to maintain hemostasis after collagenase-induced intracerebral bleeding and, at the same time was low enough to reduce detrimental outcomes of ischemic stroke.
The size of the brain infarct was significantly reduced in TF NESΔ mice at the end of reperfusion period. It should be noted that this reduction could be overestimated because the infarct was not analyzed in TF NESΔ mice that died from ICH during reperfusion phase; likely, they were the mice with the larger infarct. However, in low-TF mice that did not develop bleeding complication, brain infarct was also significantly reduced after I/R injury, supporting the conclusion that the NE cell-derived TF contributes to the neuronal damage. The detrimental effect of TF during brain I/R injury is most likely mediated via thrombin-dependent mechanisms. High levels of prothrombin mRNA expression and thrombin activity have been detected in brain tissue after acute ischemic stroke (36, 37) . In addition, thrombin has been shown to cause synaptic dysfunction, and thrombin activity was associated with neuronal damage (38, 39) . Furthermore, thrombin-dependent fibrin deposition and platelet activation can lead to microvascular thrombosis during both the ischemia and reperfusion phase, leading to the expansion of the initial infarct. Removal of fibrin or inhibition of thrombin/protease activated receptor-4-dependent (thrombin/PAR-4-dependent) platelet activation reduced infarct size in animal models of brain I/R injury (40, 41) .
Thrombin has also been shown to contribute to neuronal damage via activation of its main cellular receptor called PAR-1 (42) . Detrimental effects of thrombin-PAR-1 signaling can be mediated by increased vascular permeability, enhanced damage to the blood-brain barrier, release of proinflammatory mediators by astrocytes, and direct neurotoxic effects (43) (44) (45) . Attenuation of TF-dependent activation of this pathway is the most likely explanation for the reduced expression of inflammatory cytokines/ chemokines and the less vascular permeability observed in low-TF mice after brain I/R injury. Interestingly, effects mediated by thrombin-dependent activation of PAR-1 are in sharp contrast to the protective effects mediated by activated protein C-dependent (APC-dependent) activation of PAR-1, which results in the improvement of blood-brain barrier function and activation of prosurvival pathways in neurons (46, 47) . A nonanticoagulant form of APC that cleaves PAR-1 has been shown to reduce brain infarct size in animal models of ischemic stroke (48) and is now being evaluated clinically as an adjunct therapy with tPA treatment (49) (ClinicalTrials.gov, NCT02222714P). It is likely that the protective effects of the exogenously administered signaling form of APC are also mediated, in part, via disrupting pathological thrombin-dependent activation of PAR-1.
Currently, anticoagulant therapy focuses on preventing the recurrence of ischemic stroke. Patients with acute ischemic stroke of arterial origin do not benefit from anticoagulation because the reductions in early recurrent ischemic events and venous thromboembolism are offset by increased bleeding complications (9, 50, 51) . However, long-term treatment with anticoagulant drugs benefits patients with ischemic stroke of cardiac origin by reducing the risk of recurrent stroke (9, 51) . For the treatment of acute ischemic stroke, i.v. thrombolysis with recombinant tPA within 4.5 hours from the onset of the symptoms is the only treatment approved by the FDA (5). However, ischemic stroke caused by proximal artery occlusion is resistant to i.v. thrombolysis. Furthermore, many patients present with proximal artery occlusion beyond 4.5 hours or have conditions where systemic thrombolysis is contraindicated -for example, a recent major surgery or use of anticoagulants. Because of this, several recent clinical trials investigated the safety and efficacy of intraarterial treatments (mechanical thrombectomy and local arterial thrombolysis) and demonstrated that these methods are superior compared with i.v. tPA treatment in patients with ischemic stroke caused by proximal artery occlusion (9) (10) (11) (12) (13) . One could argue that the negative outcome of many clinical trials using various neuroprotective compounds was due to an inability of these drugs to reach ischemic tissue due to limited recanalization of the vessels observed during i.v. tPA therapy. The recanalization of vessels was the major endpoint that was greatly improved by intraarterial treatment, with only modest improvement in neurological outcome. It is likely that adjuvant therapies that attenuate reperfusion injury can further attenuate neurological deficits in the patients with acute ischemic stroke after intraarterial treatment.
Administration of inhibitory anti-TF antibody (1H1) at the beginning of the reperfusion phase reduced brain infarct size after I/R injury in WT mice. Since 1H1 was not in the circulation during the ischemic period, this data suggests that TF contributed to brain injury during the reperfusion phase. The effect of blocking TF was similar to that observed in low-TF mice, and even the high dose of 1H1 did not cause a bleeding complication or death, as seen in TF NESΔ mice. These data suggest that inhibition of TF during the reperfusion phase can lessen the overall infarct size without increasing the risk of hemorrhagic transformation. One could speculate that administration of an anti-TF antibody is not adequate to completely block all TF molecules on astrocytes, as it allows a residual amount of TF to bind FVII and initiate a local hemostatic response within the microvasculature. A reduction of thrombosis exclusively within capillaries of TF NESΔ mice, where astrocyte end-feet are in direct contact with endothelium, suggests that this vascular bed is the main site where astrocyte TF regulates both hemostasis and thrombosis.
Our data demonstrate a dual role of NE cell TF in the mouse CNS. On the one hand, NE TF is essential for brain hemostasis upon injury and limits bleeding complications associated with the transition from ischemic to hemorrhagic stroke. On the other hand, NE TF also contributes to microvascular thrombosis and neuronal damage during reperfusion after ischemic stroke. The high level of astrocyte TF expression in the mammalian brain is likely the result of selective, evolutionary pressure to limit ICH after traumatic brain injury; however, elevated TF also poses the additional risk of increased I/R injury during ischemic stroke. Further studies are needed to determine if inhibition of TF could be used clinically to safely reduce CNS damage induced by ischemic stroke.
Methods
Mice. Male and female C57BL6/J mice (10-12 weeks old) were purchased from the Jackson Laboratory. TF NESΔ mice were generated by crossing TF flox/flox mice (21) with mice expressing Cre recombinase under control of nestin promoter (32) . Low-TF mice (mTF −/− , hTF+ and littermate controls (mTF +/+ , hTF+) were generated by intercrossing mTF +/− , hTF+ as previously described (17) . The experiments with TF NESΔ mice and all experiments using WT C57Bl6/J mice were performed in a blind fashion. The experiments with low-TF mice were not performed that way due to high bleeding risk associated with the general surgery and different sensitivity to the anesthesia.
Analysis of total PCA. The total PCA of tissue lysates was measured using a 1-stage clotting assay based on the activated partial thromboplastin time (aPTT) with a STart 4 Hemostasis Analyzer (Diagnostica Stago) as previously described (52) . Briefly, mouse brain tissues were homogenized in lysis buffer (10 μl per mg of tissue). Tissue homogenate (25 μl) was combined with 25 μl of citrated mouse plasma, incubated at 37°C for 60 seconds, and recalcified by adding 25 μl of CaCl 2 (20 mM); APTT time was recorded. The total PCA was calculated by reference to a standard curve generated using recombinant human relipidated TF Innovin (Dade Behring) and normalized to total protein concentration determined by the Bio-Rad DC protein assay (Bio-Rad).
Real-time PCR. Total mRNA was isolated from brain tissue using TRIzol (Invitrogen). cDNA was synthesized from 1 μg of mRNA using a RETROscript Kit (Applied Biosystems) on a MyCycler thermal cycler (Bio-Rad). Real-time PCR was then performed using SYBR Green RealMasterMix (Eppendorf AG) on a Mastercycler ep realplex machine (Eppendorf AG). Mouse TF mRNA was detected using forward primer spanning exons 4 and 5 (5′-TCAAGCACGGGAAAGAAAAC-3′) and reverse primer located within exon 5 (5′-CTGCTTCCTGGGCTATTTTG-3′), which generated a 137-bp product. TF expression was normalized to the expression of hypoxanthine-guanine phosphoribosyltransferase (HPRT) mRNA (forward 5′-GTGGTGAAAAGGACCTCTCG-3′ and reverse 5′-TGAAGTACTCATTATAGTCAAGGGGA-3′). mRNA expression levels were analyzed by real-time PCR using SsoFast Probes Supermix (Bio-Rad) and CFX connect Real-time PCR detection system (Bio-Rad). Relative expression levels of TF mRNA were calculated using the comparative threshold cycle method.
Western blot analysis. Brain tissue was homogenized in ice cold buffer containing 10 mM Tris-HCl, pH 7.4, 150 mmol/l NaCl, 0.1% sodium dodecyl sulfate, 1% TritonX-100, 1% sodium deoxycholate, 5 mmol/l EDTA, 1 mmol/l NaF, 1 mmol/l sodium orthovanadate, and protease and phosphatase inhibitor cocktail (Calbiochem). Protein concentration of brain homogenates was determined using DC protein Assay (Bio-Rad). Protein (50 μg) from each sample was separated by 4%-20% gradient gel (Bio-Rad), blotted onto PVDF membrane (Bio-Rad), blocked with Pierce Protein-Free blocking buffer (ThermoFisher) for 1 hour at room temperature, and incubated overnight at 4°C with a goat anti-mouse TF antibody (1:1,000, R&D Systems, AF3178) or rabbit anti-β-actin (1:1,000, Santa Cruz Biotechnology Inc., sc-47778). After washing, blot was incubated with fluorescently labeled IRDye donkey anti-goat 800 and RDye donkey anti-rabbit 680 secondary antibodies (1:10,000; LI-COR) at room temperature for 2 hours. After the final wash, the membranes were imaged using the Odyssey Infrared Imager (LI-COR) and bands were analyzed using ImageJ software (NIH).
TF staining of brain sections. Brains were fixed in formalin and embedded in paraffin. Sections (5-μm thick) were rehydrated, blocked with 5% goat serum for 1 hour at room temperature, and incubated with primary goat anti-mouse TF antibody (1:200, R&D Systems, AF3178) overnight at 4°C. After washing, slides were incubated with a biotinylated rabbit anti-goat secondary antibody (1:200, Vector Laboratories, BA-5000) followed by Vectastain ABC kit reagents. Slides were developed using ImmPACT DAB peroxidase substrate (Vector Laboratories) and counterstained with hematoxylin (Dako). Slides were visualized with an Olympus DX51W1 microscope, and images were acquired with the Olympus DP70 digital camera and DP controller software V02.03 (Olympus America).
Staining for glial fibrillary acidic protein (GFAP) on brain sections. One-month-old C57BL/6J mice were perfused transcardially under deep anesthesia with 5 ml of 0.1 M PBS, followed by 100 ml of 4% paraformaldehyde in 0.1 M PBS. Brains were removed and postfixed overnight in the same fixative. Sections (100-μm thick) were washed 3 times with 0.1 M PBS and then incubated with rabbit anti-GFAP polyclonal antibody (1:1,000, Dako, Z0334) diluted in 1% Triton X100 in 0.1 M PBS. Incubation was performed overnight, in room temperature, on a shaker. After washing with 0.1 M PBS, slices were incubated for 1 hour in darkness with secondary antibody (1:500, Alexa Fluor 488 goat anti-rabbit IgG, Molecular Probes, A-11008) at room temperature. After washing, brain slices were mounted using Fluoromount (Fluka), coverslipped, and viewed under confocal microscope (Zeiss LSM 510 Meta) using Plan-Neofluar 40x/1.3 oil DIC objective. The image shows Z-projection from 56 optical sections spaced 25 μm apart from the dorsal surface of the slice.
Electron Microscopy. Mice were deeply anesthetized with isoflurane in oxygen and transcardially perfused with 50 ml of 0.1 M sodium phosphate buffer (PB) followed by 200 ml of 2% glutaraldehyde/2% paraformaldehyde in PB. The brain was removed and incubated overnight in 2% glutaraldehyde/2% paraformaldehyde in PB at 4°C. The brain was cut into 2 mm-thick paramedian brain slices (median, −1 mm, +1 mm), and 1 × 1 × 1-mm blocks from the cerebral regions were dissected under a microscope. The blocks of tissue were incubated overnight in 2% glutaraldehyde/2% paraformaldehyde in PB at 4°C and then postfixed by incubation in 2% osmium tetroxide in PB. Then, samples were dehydrated by passage through a graded series of ethanol concentrations and were then embedded in epoxy resin. Semithin sections were cut with an ultramicrotome, stained with 1% toluidine blue, and screened by light microscopy to select areas in which the myelin fibers were perpendicular to the cutting plane. Ultrathin sections of regions of interest were cut, mounted on copper grids, contrast stained with uranyl acetate and lead citrate, and examined by transmission electron microscopy (Zeiss EM 910 TEM).
Intravital fluorescence microscopy and photoactivation-induced brain microvascular thrombosis model. All animals were anesthetized intraperitoneally with pentobarbital (50 mg/kg), and the femoral vein was cannulated for administration of FITC-dextran (Sigma-Aldrich). Core body temperature was maintained at 37°C ± 0.5°C. A craniectomy was performed, and artificial cerebrospinal fluid was placed on the cranial opening covered with a glass coverslip. The preparation was allowed to equilibrate for 30 minutes. Visualization of individual vessels and induction of thrombosis was performed using a 40× water-immersion objective attached to an Axioskop 2 FS Plus Research Microscope (Zeiss). A CCD-72 video camera (Dage-MTI) projected the image onto a monitor (Trinitron PVM-2030; Sony) and recorded on a DVD player (SR-MV50; JVC). Photoactivation of FITC-dextran within the microvessels was performed as previously described (53) . Briefly, after the fluorochrome was in the circulation for 10 minutes, the vessel was exposed to epi-illumination using a 175-W Xenon lamp (Lambda LS, Sutter) and a fluorescein filter cube (excitation 450-490 nm; Chroma Technology). The excitation power density was measured and maintained within 1% of 1.07 W/cm 2 . Epi-illumination was continuously applied to the vessels, and thrombus formation was quantified by determining the time required for complete flow cessation for 60 seconds (cessation time, time to thrombus stabilization. Epi-illumination was discontinued once blood flow ceased in the vessel under study. Typically, 2-4 thrombi per vessel type (venules, arterioles, and capillaries) were induced in each mouse, and the results for each vessel type were averaged. In mice not receiving FITC-dextran, epi-illumination of the microvasculature for a period of 30 minutes did not result in platelet aggregation or thrombus formation.
Isolation and culturing of primary mouse cortical astrocytes. Cerebral cortices from postnatal mice 1-3 days old were aseptically dissected, and meninges were removed. The cortices were kept in HBSS and cut into small pieces with sharp blades. Tissue was then transferred to a 50-ml Falcon tube, trypsin was added to a final concentration of 0.25%, and tissue was incubated in a water bath at 37°C for 30 minutes. The sample was then centrifuged for 5 minutes at 300 × g, and the supernatant was decanted. Astrocyte plating medium (DMEM with high glucose) was added, and cells were dissociated by vigorous pipetting and again centrifuged at 400 × g for 5 minutes. The cells were resuspended in culture media (DMEM, high glucose + heat-inactivated 10% FBS, 1% Penicillin-Streptomycin) and seeded at a density of 3 × 10 5 to 5 × 10 5 cells per 75 cm 2 tissue culture flask precoated with poly-L-lysine and cultured at 37°C in a 95% air/5% CO 2 incubator. Culture medium was changed at 48 hours and then every 72 hours. Microglia were removed by rotation at 180rpm on an orbital shaker for 30 minutes when the astrocytes were confluent and overlaying microglia were detaching from the astrocyte layer. Media containing the microglia was aspirated, 20 ml of fresh astrocyte culture medium was added, and oligodendrocyte precursor cells were removed by shaking the flask at 240 rpm for 6 hours. The culture medium was again discarded, and the enriched astrocytes were reseeded into a new flask and further cultured at 37°C in 5% CO 2 .
Analysis of astrocyte PCA. To obtain pure astrocyte populations free of fibroblast contamination, additional purification was performed using an astrocyte-specific anti-GLAST MicroBead Kit (Miltenyi Biotec). Briefly, cell suspensions containing 1 × 10 7 primary astrocytes were first labeled with the anti-GLAST-biotin antibody (ACSA-1). Then, superparamagnetic Anti-Biotin MicroBeads were applied and coupled to the antibody. Cells were washed and resuspended in buffer (PBS with 0.5% BSA), and the cell suspension was loaded onto an MS Column (Miltenyi Biotec), which was placed on a MiniMACSTM Separator (Miltenyi Biotec). The GLAST-positive magnetically labeled cells were retained within the column and collected as the positively selected cell fraction after removing the column from the magnetic field. Enriched primary astrocytes were seeded into 96-well plates at 4,000 cells/well. HBSA (25 μl) containing mouse FVIIa (final concentration at 4.88 nM), human FX (final concentration at 146 nM), and 10 mM CaCl 2 was added to the sample and incubated for 2 hours at 37 °C in a 96-well plate. FXa generation was stopped by the addition of 25 μl of 25 mM EDTA buffer. Finally, 25 μl of the chromogenic substrate Pefachrome FXa 8595 (4.6 mM) was added, and the mixture was incubated at 37 °C for 15 minutes. Absorbance at 405 nm was measured using a VERSAmax microplate reader (Molecular Devices). Total PCA was extrapolated from a standard curve generated with recombinant human relipidated TF (0-14 pg/ml, Innovin).
Measurement of physiological parameters. Mice blood glucose levels were determined with a blood glucose monitoring system (FreeStyle Lite, Abbot Diabetes Care Inc.). Respiratory rate, heart rate, and oxygen saturation were monitored with a small animal Oximeter (STARR life sciences) ICH model. Mice were anesthetized with 3% isoflurane and then positioned prone in a stereotaxic head frame (Stoelting Co.) continuously supplied with 2% isoflurane. Rectal temperature was maintained at 37°C ± 0.5°C using a feedback-controlled heating pad. A scalp incision made along the midline and a burr hole (1 mm) was drilled on the right side of the skull (0.2 mm anterior and 2.0 mm lateral of the bregma). A 26-gauge needle attached to a microsyringe was inserted into the brain through the burr hole with stereotaxic guidance (stereotaxic coordinates: 2.0 mm lateral to the midline, 0.2 mm anterior to the bregma, and 3.7 mm below the skull), and bacterial collagenase (type VII-S, Sigma-Aldrich) solution was injected at a rate of 0.5 μl/min for 2 minutes, with the needle left in place for an additional 5 minutes after injection. Brains were removed, cut in 2-mm thick coronal sections, and photographed to visualized hemorrhages. Afterward, the ipsilateral (injection side) and contralateral (noninjection side) hemispheres were separated, homogenized in cold PBS containing proteinase inhibitor cocktail (Calbiochem), and spun at 15,000 × g for 10 minutes. To determine hemoglobin content, formic acid (≥95%) was added to the supernatant (4:1 vol/vol), and the optical density was measured at 405 nm (54) . Standard curve was generated using hemoglobin (0-4 mg/ml) purchased from Sigma-Aldrich.
MCAO. Mice were subjected to cerebral ischemia produced by occluding the right middle cerebral artery using the intraluminal filament technique, as described elsewhere (55, 56) . Briefly, after anesthetization with 2.5%-3% isoflurane, mice were placed on feedback-controlled heating plate to maintain a rectal temperature of 37°C ± 0.5°C. MCAO was induced by introducing a silicon-coated 6-0 monofilament (Doccol) into the internal carotid artery through an incision in the right external carotid artery. The filament was then advanced into the cerebral arterial circle to obstruct the origin of the MCA. Interruption of regional cerebral blood flow in the MCA territory was confirmed by a > 80% decrease in relative regional cerebral blood flow using Laser Doppler Flowmeter (Transonic Systems Inc.). After 60 minutes of MCAO, the filament was withdrawn. Cerebral blood flow of MCA territory was restored for 24 hours.
Analysis of the number and diameter of pial collaterals. To assess pial collateral density in low-TF, TF flox/flox nestin Cre mice, and control littermates cerebral pial angiograms were obtained by direct imaging of the cerebral vasculature after filling with yellow Microfil TM (Flow Tech Inc.) preceded by thorough heparinization, and vasodilation as previously described (57) . Collaterals interconnecting the middle and anterior cerebral artery trees were counted, and the diameter was measured under a stereomicroscope and confirmed on digital images.
Analysis of behavioral deficit. Twenty-four hours after ischemia, each mouse was rated on two neurological function scales unique to mice (52, 58) . For both scales, mice were scored from 0 (healthy mouse) to 28 (the worst performance in all categories). The general deficit scale evaluates hair (0-2), ears (0-2), eyes (0-4), posture (0-4), spontaneous activity (0-4), and epileptic behavior (0-12), whereas the focal deficit scale evaluates body symmetry (0-4), gait (0-4), climbing on a surface held at 45° (0-4), circling behavior (0-4), front limb symmetry (0-4), compulsory circling (0-4), and whisker response to a light touch (0-4).
TTC staining and infarct size analysis. Mouse brains were cut in 2 mm -thick coronal sections from the anterior to the posterior side. The brain sections were stained with a solution of 1.5% 2,3,5-Triphenyltetrazolium chloride (TTC) at 37°C for 20 minutes. Stained sections were fixed with formalin solution, and pictures were captured using an Olympus SZX12 microscope equipped with Infinity-1 CCD camera. TTC stains viable tissue red, whereas necrotic area remains white. The pictures were analyzed using ImageJ, and infarct size was expressed as percentage of total area of ipsilateral hemisphere.
Determination of blood-brain barrier leakage. Blood-brain barrier permeability was determined by the Evans Blue method (59) . One hour after the induction of MCAO mice received Evans Blue (Sigma Aldrich) via retroorbital injection (100 μl of 2% Evans Blue/saline solution per 25 grams of body weight). Twenty-four hours later, mice were anesthetized and perfused with 50 ml of PBS. Brains were removed, weighed, and incubated with formamide (4 ml/g of organ weight) at 37°C for 24 hours to extract Evans Blue. The concentration of Evans Blue was determined by reading the absorbance with excitation at 620 nm and emission at 680 nm (Synergy H1 microplate reader, BioTek).
